Introduction
wing to great progress in organ transplantation, many patients who have suffered from serious organ failure have been treated and saved leading to an increasing demand for healthy organs. Over the past few years, revolutionary tissue engineering and regenerative medicine studies have been carried out allowing the development of tissue substitutes for regenerating or replacing defective, O diseased or missing tissues. Although such engineered tissue constructs have been significantly valuable and lifesaving, the tissues which can be used are still limited to only those which are quite simple and lack complex structures. In contrast, most biological tissues of vital organs such as heart, lung, liver and kidney are very complex in nature and are essentially made up of thick three-dimensional structures with highly specialized cellular components. In order to develop hybrid artificial organs or their spare parts, several synthetic biocompatible materials should be added. Most of the biological tissues are composed of various components including different cell types, extracellular matrices (ECMs), capillary vessels, muscle fibers and several biochemical mediators. All biological tissues and organs contain physiologically active tissues which are hierarchically constructed. The crucial issue with regenerating vital tissue/organs is that their constituent cells possess morphologically significant orientation and polarity. For example, in muscle tissues which are composed of many muscle fibers and muscle bundles together with various sized blood vessels, the directions of muscle cells and muscle fibers are aligned in one direction only, so that the muscular contraction can effectively generate the mechanical functions. Therefore, fabrication of all vital and complicated biological tissues is a great and important challenge which needs to be addressed.
Although conventional scaffold-based methods have frequently been used in tissue engineering research, there are several intrinsic problems associated with scaffold-based strategies, including the inability to adequately control the following factors: (i) cell distribution in 3D structures, (ii) the positions of multiple cell types, (iii) heterogeneity of the scaffold, (iv) local concentration of growth factors, (v) induction of blood capillaries, (vi) selective enhancement of target organ cells, and (vii) biodegradation of the scaffold material.
Recently, 3D printer has become one of the hottest research topics in all industries although the application of 3D printing is of greatest interest to the biomedical field. Bioprinting was started based on its good potential to overcome the aforementioned issues by applying several printing techniques, and by controlling the spatial positions and geometrical compositions of cells in 2D and 3D structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The construction of 3D structures by 3D printing approach is called additive manufacturing in which the constituent materials are piled up layer-by-layer and the complex 3D structures can be constructed together with inner structures. Distribution of 3D printers has spread widely since prices fell, and many can now find and afford such purchase easily. Furthermore, many researchers have started to fabricate biological tissues by additive manufacturing methods using several types of 3D printers [12] [13] [14] . It is evident that the bioprinting approach has attracted considerable attention in biomedical research, and the next stage of bioprinting has started, raising hopes of patients-in-need.
In our previous study, we successfully designed and fashioned artificial capillary vessels with fully controlled position and orientation [15] . In this technique, a micro-scaled surface patterning technique with biofunctional materials and transfer cell printing technique were applied. We also confirmed that the engineered capillary-like structures were able to function as capillary vessels after implantation into experimental animals [16] . We concluded that this approach of applying a combination of bio-patterning and transfer cell printing techniques has big potential for engineering not only capillary vessels, but also various types of tissue components. In this case, the process of culturing on the surface patterned disc before transfer printing can be regarded as the process of pre-culturing. Therefore, bioprinting with pre-cultured cellular constructs must be promising.
In this study, we combined bio-patterning and bioprinting techniques to investigate the feasibility of the procedure for producing large-sized and highly aligned muscle tissues. We successfully manufactured fully ordered, straight muscle fibers. In the first experimental attempt, cells were cultured on the surface patterned discs and linearly patterned smooth muscle cells were obtained. Thereafter, the cells cultured on the patterned discs were manually transferred onto the Matrigel substrate. After 12 hours of culturing, fiber-like tissues structures were successfully formed on the substrate with partially aligned smooth muscle cells. In addition, stacked structures were also successfully fabricated using laminating printing technique. Our results indicate that bioprinting and transfer printing of pre-cultured aligned muscle fiber-like tissues together is a very promising method to assemble tissue elements for biofabrication of hierarchical tissues.
Materials and Methods

Preparation of Surface Patterned Discs with Non-cell-adherent Polymer
Zwitterionic polymers, which have both anion and cation in a single molecule, are known as excellent bio-functional materials that prevent both cell adhesion and protein adsorption [17, 18] , and are also useful for bio-patterning [19, 20] . In this work, zwitterionic polymers were prepared using 1-carboxy-N,Ndimethyl-N-(2'-methacryloyloxyethyl)methanaminium inner salt also known as carboxymethyl betaine (CMB) was kindly donated from Osaka Organic Chemical Industry, Kashiwara, Japan, and n-butylmethacrylate (BMA) obtained from Wako, Osaka, Japan, at the rate of (CMB/BMA = 29/71; MW = 193 kDa and MW/Mn =1.92; 1 wt% ethanol solution), and utilized as a surface patterning material. 1% CMB ethanol solution was used to print stripe patterns onto plastic culture discs with a custom-made inkjet 3D Bioprinter [21] [22] [23] [24] equipped with an inkjet head (IJHB-1000, MICRO-JET Corporation, Nagano, Japan). The width of each printed line was 200 µm with an interval width between lines of 500 µm. After printing, the patterned discs were dried and sterilized by UV irradiation before being used in the experiments.
Preparation of Muscle Cells
Primary rat neonatal cardiomyocytes (CMs) and myoblasts (MBs) were obtained from 1 day old neonatal rats (Slc: Wistar). Smooth muscle cells (SMCs) were purchased from the Japanese Collection of Research Bioresources (JCRB), Osaka, Japan.
To prepare primary cells, cardiac and skeletal muscle tissues were excised from the upper and lower extremities and the heart of neonatal rats respectively and chopped into small pieces. The respective muscle tissue pieces were treated with collagenase. Cell suspensions of primary CMs and MBs were obtained. The obtained primary cells were seeded onto stripe patterned discs at a concentration of 1×10 6 cells per one well in 12-well plates or 7×10 5 cells per one well in 24-well plates, then cultured in Medium 199 (M199) supplemented with 10% fetal bovine serum (FBS), and 1% penicillin and streptomycin (P/S), as well as D-glucose and essential saline. SMCs were seeded onto stripe patterned discs at a concentration of 7×10 5 cells per one well in 24-well plates and cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, USA) supplemented with 10% FBS and 1% P/S. The cells were cultured at 37℃ with 5% CO 2 in an incubator and the medium was changed every two days.
Ethics Statement
All animal experiments were performed according to a protocol approved by the Committee on Ethics in Animal Experiments of the University of Toyama, Japan.
Patterning of Cells and Transfer Printing
After being seeded and cultured on stripe patterned coated discs, the cells attached only to the CMB/BMA non-coated areas, with linear patterned CMs, MBs, and SMCs were obtained. Next, we performed transfer printing on day 9 for CMs, day 7 for MBs, and day 1 for SMCs after seedings. In this procedure, culture discs with patterned cells were taken from the wells, turned upside down and placed on a Matrigel substrate (BD Biosciences, USA). After 12 hours of cultivation, the discs were removed and cells on the patterned discs which showed linear patterns were transferred to Matrigel substrates while maintaining their linear patterns, then cultured in succession and observed. These procedures are shown in Figure 1 . To prevent the transferred linear cell patterns from shrinking, we employed a custom-made silver wire (0.5 mm in diameter, Niraco, Tokyo, Japan) coated with type-I collagen (Cellmatrix, Nitta Geratin Corp. Osaka, Japan) for anchoring the ends of the patterns (Figure 2 ). In brief, the silver wires were first treated with type-I collagen, then inserted on the border areas of cell patterns on Matrigel using manual autoclaved forceps. It was expected that cells will cover the type-I collagen coated silver wire while the anchoring system provided the support and prevent breakage of the patterns. We could not confirm the exact reason for the inability of the cells to cover the anchor system. We anticipate that biocompatible non-metallic material ring may help to overcome this issue. Our future research will continue in this direction.
Laminating Printing
The feasibility of laminating printing by transfer cell printing was examined by preparing two different cell-patterned culture discs in which SMCs were cultured on. The first transfer printing was performed using one of the discs, while the other disc was placed over the same position with the linear patterns oriented in an orthogonal direction for the second printing. After 6 hours of cultivation, the covered disc was removed, and the transferred cells or cell patterns were observed.
Microscopic Observations Using Cell Tracer Dyes
Cultured cells on the patterned discs were stained with Vybrant CFDA (Green, Invitrogen Life Science) and SNARF (Red, Invitrogen Life Science) dyes for long-term tracing of cells. Microscopic observations were carried out using phase-contrast microscope (CX-70, Olympus, Tokyo, Japan) and confocal laser microscope (CSU-W1, Yokogawa Electric Corporation, Tokyo, Japan), and confocal laser microscope (A1, Nikon, Tokyo, Japan).
Histological Evaluation
Transferred cells that adhered to the Matrigel substrate were fixed with paraformaldehyde solution. After fixation, substrate with adhered cells were washed thoroughly for 20 minutes, followed by the post-fixation process in 0.2 mol/L phosphate buffer containing 1% osmium tetroxide (OsO 4 ) and placed on ice for one hour. Thereafter, cells adhered to Matrigel substrate were stained with 3% uranyl solution and incubated overnight. After dehydration by gradient ethanol (70%, 80%, 90%, 95%, and 100%), the final products were finally dried and freezed with N-butyl alcohol. For scanning electron microcope (SEM) observations, the cells were coated with the compound of platinum and palladium, and observed by SEM (Hitachi S-4500 SEM, Japan) at 15 kV (after 24 hours).
Results
Transfer Printing of Patterned Cardiomyocytes, Myoblasts, and Smooth Muscle Cells
Using cell patterning strategy, it was observed that cells adhered only to the non-printed areas on the discs and not to the CMB printed areas, which clearly indicates that CMB printing dramatically limits cell adhesion. As a result, cell patterned discs were successfully obtained for the three types of muscle cells. Microscopic observations show that cells adhered in linear patterns tend to stretch longitudinally according to the orientation of the linear pattern, especially on the boundary areas.
In the next step of transfer printing, patterned cells on the discs were successfully transferred onto Matrigel substrate after 12 hours (Figures 3-5) . Since no residual cells were observed on the removed discs, we considered the majority of cells to be successfully transferred. Microscopic observations showed that the linear patterns of the pre-patterned cells maintained similar topographies even after transfer printing. For example, spindle shaped cells prior to transfer retained the same shape after transfer, while both pre-and post-transfer cells grew in a longitudinal direction along the direction of the patterned lines.
It was found that after transfer printing, the transferred cells grew in succession. In all cases, the width of the transferred cell lines decreased over time and muscle fiber-like structures were formed (Figures 3-5) , while the longitudinal direction of the transferred cells was unchanged in most cases. In addition, spontaneous contractions by the CMs were also observed, although those were limited to only partial portions of the fiber-like structures. However, in the case of CMs and MBs, it was observed that some of the cells had spread to the Matrigel substrate.
The use of silver wire as an anchor was significantly effective in maintaining the fiber-like structures. The design and representative photograph are shown in Figure 2 . Without use of an anchor, fiber-like structures produced with transferred cells became wrinkled over time, and finally formed tangled or aggregated groups of cells after 24 hours (Figure 6(A-1), 6(A-2) ), 
6(A-3)
). In contrast, the fiber-like structures were successfully maintained for up to 36 hours with the use of an anchor ( Figure 6 (B-1), 6(B-2), 6(B-3)).
Lamination Printing
Lamination by transfer printing was also attempted using two cell-patterned discs with cultured SMCs. After the first transfer printing, the second cellpatterned disc was placed as a cover onto the transferred position, thus setting the linear patterns in an orthogonal direction from the previous linear pattern. Thereafter, the cells on the second disc were transferred onto Matrigel substrate and successfully laminated, constructing double layered structures as shown in Figure 7(A-D) . The state of the laminating was observed clearly using fluorescent staining. From closer observations, the orientations of the SMCs which form muscle fiber-like structures were significantly ordered in a longitudinal direction. Such tendency can also be seen in the fluorescent confocal image (Figure 7(C) ). As shown in Figure 7 (D), more than 1 cm of patterned cells could be transferred and laminated. It is one of the advantages of print transfer technology and this strategy may be able to fabricate large sized structures.
Histological Evaluation
SEM observations of transferred patterned smooth muscle cells are shown in Figure 8 . Spindle-like smooth muscle cells (S-SMC) and round shaped smooth muscle cells (R-SMCs) were observed. S-SMCs covered the outer surface while R-SMCs were mainly stratified toward the inside. These findings indicate that the SMCs in the surface boundary region were significantly affected and changed their morphological appearance from round to spindle shape and that the direction of the long axis of the S-SMCs is dependent on the fiber's direction.
Discussion
Cell Cultures on Surface Patterned Culture Discs Patterned with Zwitterionic Polymer
Several technologies have been used for effective surface patterning of cell cultures, such as photolithography [25] , laser or ion beam irradiation [26] , micro-contact printing [27] , and inkjet printing [28, 29] . Generally, control of the cell adhesive position has been a major goal pursued by many researchers [26] [27] [28] [29] . In the present study, non-adhesive positions were controlled by printing with poly(CMB-co-BMA), which is a popular commercial zwitterionic polymers just like phosphobetaine. There has been active discussion regarding which is better in order to print cell patterns on discs: Cell adhesive materials or materials that inhibit cell adhesion. In our approach which utilizes a combination of bio-patterning and transfer printing, cells cultured on patterned discs must be transferred onto Matrigel substrate at the next stage. In this process, it is thought that the cells recognize and compare the adhesive molecules in the attached materials between the patterned disc and the Matrigel substrate before transfer. If cell-adhesive materials are located on the patterned disc, it is expected that cell transfer will become more difficult. For this reason, the use of inhibitory materials such as zwitterionic polymers is thought to be reasonable. In addition, potent inhibitory effects of poly(CMB-co-BMA) against cell adhesion were also demonstrated in the present study, which should be advantageous to forming cell patterns on discs.
Transfer Printing
The great potential of tissue engineering with application of bio-patterning, bioprinting, and bio-fabrication techniques has been demonstrated, such as solid free formations [30, 31] , 3D printing [32] , inkjet printing [2] [3] [4] [21] [22] [23] [24] , laser-induced forward transfer (LIFT) [10] [11] [12] 33] , and dispensing of spheroids of cells [5] . Many investigators including our research group have printed individual cells using cell printing techniques with cell suspensions, which is advantageous for high resolution printing and shows promising potential for future developments. However, there are several issues to overcome with individual cell printing approaches, such as the cell density, cell-cell contact, and suitable materials for 3D fabrication, etc. In addition, cells must adhere, start cell division, proliferate, differentiate and form tissues, before becoming functional tissues.
On the other hand, in the present approach of transfer printing, the patterned cells are transferred as they are adhered to each other. Additionally, cell density can be controlled and possibly raised during pre-culturing before transfer printing. Furthermore, it was observed that muscle cells were arranged longitudinally during pre-cultures on patterned surfaces as well as 6 hours during transfer printing. These findings indicate that pre-cultured cells are already differentiating and starting to form tissues. Thus, we can propose an important concept about "tissue printing". Partially grown tissue constructs can be transferred from a culture disc to Matrigel substrate while main-taining their biological form. It can be said that this is a new concept of bioprinting. In addition, we also succeeded in fabrication a two layer structure composed of several muscle fibers with controlled cellular orientation, as shown in Figure 6(A-D) . These structures could only be obtained by directly printing muscle fiber-like tissues, in which the muscle cells were significantly oriented, or by "tissue printing". In this approach, the patterned muscle cells on the discs, also known as "pre-cultured tissues" or "preparatory tissues", can become one of the most important materials or an essential part for engineering complex tissues and hierarchical organs. Laminating printing is also a potential method for construction of 3D structures, thus the combination of bio-patterning and bioprinting technology is a very promising innovation in 3D tissue engineering as an effective biofabrication and bioassembly technique.
Tissue Engineering for Muscle Tissues
The production of fiber-like structures of muscle cells arranged in a longitudinal orientation is important, because muscle cell orientation is essential for determining the effective directions of contractions. Since the major function of muscle tissues is as a mechanical actuator, such technology for synthesizing muscle tissues with a controlled actuating direction is desirable. In our study, we observed contraction motions by the CMs were significantly greater in a longitudinal direction. The present results reveal an important cue to produce functional muscle tissues with an arranged cellular orientation.
Matsuda et al. had devised highly dense and highly oriented hybrid muscle tissues [34, 35] , while Zimmermann and Echenhagen demonstrated engineered cardiac tissues where the cardiomyocytes were significantly orientated [36] [37] [38] . According to those findings, loading of mechanical stress is essential for engineering highly oriented muscle tissues. Using our technique, patterned and transferred cells were significantly orientated without loading of mechanical stress. We suspect that this was partially due to the geometrical effects of culturing in a narrow space of 40 to 200 µm wide and consider this effect to be advantageous for engineering preparatory tissues before loading mechanical stress. Previously, we had successfully produced geometrically oriented capillary-like structures with vascular endothelial cells using the same procedure of transfer printing of patterned cultured cells [15] . Together with the results of the present study, we are able to produce muscle fiber-like structures using CMs, MB, SMCs, and capillary vessels. Such products can become essential parts or "pre-cultured tissues" or "pre-fabricated tissues" for bio-assembly in the synthesis of functional muscle tissues.
Issues for Further Advancement
As shown in Figure 5 , the muscle fiber-like structures shrank easily, became wrinkled and formed clusters after culturing for 24 hours without anchors. In our preliminary studies, we found the width of the lines of the transferred cells had increased over time, and the orientation of muscle cells became random after 12 hours despite being significantly aligned at 0 and 6 hours after transfer. These results indicate that even successfully patterned cells or cell-aligned tissues tend to become wrinkled and form clusters without cell alignments when cultured without any morphological foothold or mechanical stimulation. Considering such naturally occurring results for patterned cells and tissues, and the necessity for morphological foothold and loading mechanical stimulation, some additional effective devices are needed during cell culturing/bioprocessing phase.
In addition, we noted that the present CMs and MBs migrated and spread after being transferred to Matrigel during and after transfer printing. Such migration phenomena were also seen when the cells were transferred onto collagen gel (data not shown). These findings indicate that the selections and combinations of cell type and hydrogel material are important. In addition, though Matrigel is derived from tumor cell lines, it contains essential but unknown extracellular matrices as well as several unknown humoral factors that influence cell behavior. Therefore, sufficient knowledge of the interactions among cells, extracellular matrices, biomaterials, and bioactive humoral factors will be important for further developments.
Conclusion
Fiber-like structures with controlled orientation were successfully produced using CMs, MBs, and SMCs by utilizing transfer printing of pre-patterned cells. Although the resultant structures were transient, our results demonstrated that the present approach of transfer printing of pre-patterned cells has the potential to synthesize artificially engineered muscle fibers in vitro. Such engineered muscle fibers will be useful in the future as tissue parts for assembly to synthesize engineered muscles and muscle-driven organs with physiological and physio-mechanical functions.
As for advancements in biofabrication, our method of combining bio-patterning and transfer printing of pre-patterned cells benefits not only cell printing but also advances tissue printing methods, in which cells are transferred together with the interactions of cell-cell, cell-matrix, and between microenvironmental extracellular matrices, while maintaining their orientations and cell adhesive molecules, thus keeping their morphological relationships. Bioprinting with pre-cultured tissues will be essential towards tissue engineering of hierarchical tissues. Further studies are anticipated to advance methods of biofabrication, a relatively new field of tissue engineering.
